IN 1951, Bonser, Clayson and Jull published some of the results of a quantitative study of the metabolism of 2-naphthylamine by various species. An apparent correlation was demonstrated between the proportion of a dose of 2-naphthylamine (I) excreted by way of the urine as 2-amino-1-naphthol derivatives (II) and the biological response of the species to treatment with 2-naphthylamine.
Thus it was shown that the dog, which is particularly susceptible to 2-naph- thylamine carcinogenesis, excretes 55 to 70 per cent of a dose of 2-naphthylamine as 2-amino-1-naphthol conjugates, whereas the mouse, rat and rabbit, which are less susceptible, excrete smaller quantities in this form. Quantitative studies also revealed that the concentration of 2-amino-l-naphthol derivatives in the urine relative to the plasma was approximately 200:1 and from this it was concluded that the exposure of the urinary tract epithelium to the metabolite was very much greater than that of any other part of the body.
Evidence was also presented (Bonser et al., 1951) that synthetic 2-amino-1-naphthol hydrochloride (III) was a carcinogen, using the method devised by Jull (1951) of surgical introduction of paraffin wax pellets containing the chemical into the lumen of the bladder of the mouse. The present communication contains the results of an extended series of experiments which were undertaken to test the carcinogenic potency of the parent amine and of its metabolite by this method. The results of other experiments previously conducted and designed to discover a small experimental animal susceptible to bladder carcinogenesis by 2-naphthylamine are also reviewed.
METHODS.
Experiment 1.
Surgical introduction of wax pellets into the bladders of mice.
White mice obtained from a dealer were used. The standard pellet weighed 10 to 20 mg. and contained 10 to 15 per cent by weight of the suspected carcinogen in suspension in 56°or 80°m elting-point paraffin wax (i.e., approximately 1 to 2 mg. of carcinogen per pellet). The technical procedures are described by Jull (1951) . It was found convenient to distend the bladder at post mortem with fixative (Bouin's solution), then to bisect the organ in the saggital plane and to examine the interior with a hand lens or dissecting microscope. By this means tumours could be detected not infrequently. The two halves of the bladder were then embedded on the cut surface. As the work progressed and it was found that tumours did not occur on the suture line of the dome, this portion was cut away before embedding took place (Fig. 5) , as cutting the silk sutures tended to tear the sections.
The results of such implantations are shown in Fig. 1 (Fig. 12 to 15 ). In 3 of these mice papillomas were also present and in 2 metaplasias, that in Mouse 76 being of squamous and mucous type (Fig. 11) (Fig. 4) of the small intrahepatic bile ducts, associated with mild portal cirrhosis (Fig. 18 ).
This was termed "cholangioma" by Cook, Hewett, Kennaway and Kennaway (1940), denoting a proliferative process which may proceed to neoplasia. This change was not observed in 11 control mice which died before the end of the 59th week nor in breeding mice of the same strain observed for many years.
(b) 2-Naphthylamine by stomach-tube to CBA mice fed on a mixed diet, each mouse weighing on an average 30 to 35 g. (Table II) : Again the only pathological changes were in the liver. Half of the experimental mice which survived for 50 weeks developed hepatomas, which were regarded as true tumours. Many grew to a large size, and became pedunculated and then infarcted. Two tumours were histologically malignant. Hepatomas did not occur in a small group of control mice surviving as long as the experimental animals, but benign tumours were present in control breeding mice to the extent of 8.1 per cent (Table II) Andervont (1950) , has pointed out that variations in incidence of hepatomas must be regarded with caution, this difference would appear to be biologically as well as statistically significant. 2-naphthylamine . 14 9 . (c) 2-Naphthylamine by incorporation in the diet of CBA mice: The basic diet consisted of casein (20 per cent), starch (50 per cent), arachis oil (10 per cent), yeast (10 per cent), vitamin oil, salts and water to make a paste. The chemical was dissolved in arachis oil and well mixed with the diet. Modifications of the diet were also arranged so that the fat content was high (30 per cent arachis oil), excess of cystine was added (0.5 per cent) or the protein content was reduced (10 per cent casein) and cystine added (0-5 per cent). The amount of the diet eaten on an average by each mouse was weighed, and it was found that only 160 mg.
of chemical per kg. of body weight was ingested compared with 240 to 400 mg. by stomach tube (Tables I, II and III) . Hepatomas occurred in each group (Table   III) , the variations in incidence not being significant. Malignant hepatomas were found in 16 mice, one having metastasised to the lungs. Numerator -mice with hepatomas. Denominator = mice dying within the period stated.
(d) 2-Naphthylamine by incorporation in the diet of rats: Albino rats were supplied by Glaxo Ltd. and were three-quarters grown. The basic diet consisted of casein (10 per cent), starch (80 per cent), arachis oil (5 per cent), yeast (2.5 per cent), vitamin oil and salts. To this was added 2-naphthylamine (0-1 g. per kg.) and water to make a stiff dough. From Table IV it is seen that 4 papillomas of the bladder occurred among 31 rats which survived treatment for 60 weeks or more; no tumours occurred in the controls. Reduction in the protein content of the diet may have played some part in the appearance of the tumours but the numbers are too small to draw any firm conclusion. Hyperplasia of the bladder epithelium was seen in 6 treated and 5 control rats, and squamous metaplasia in 3 and 5 rats respectively. The nematode Trichosomoides crasaicauda was seen in the bladder epithelium or free in the lumen of 7 control rats but not in treated animals. No cellular reaction was seen in relation to them, which was the experience of Spitz, Maguigan and Dobriner (1950) . The liver changes were of very mild type. Twenty-three experimental rats showed mild portal cirrhosis, compared with 16 control rats. Sixteen experimental rats showed mild bile-duct proliferation compared with 7 control rats. One experimental rat had a welldeveloped cholangioma and 2 control rats had hepatomas. Thus, while it would seem that there was rather more cirrhosis and bile-duct proliferation in the treated group, these changes were also present in the control group. Two-thirds of the rats in both experimental and control groups showed hyperplasia and hyperkeratosis of the forestomach epithelium; one-third of both groups had keratinising squamous papillomas of the forestomach.
(e) 2-Naphthylamine by spoon to rabbits: There is no certain knowledge of the mode of entry of 2-naphthylamine into workers in the chemical industry. Three routes may be involved-ingestion, inhalation, and absorption through the skin. Therefore, after the discovery by
Hueper and his colleagues in 1938 (Hueper, 1938 shown by Bonser, Clayson and Jull (1951) that the metabolite of 2-naphthylamine present in greatest quantity in the urine of the dog after feeding was 2-amino-1-naphthy] sulphuric acid (II), it was necessary to reconsider the mode of exhibition of the various substances in the light of their chemical properties. 2-Naphthylamine base is a relatively stable compound, is oil and benzene-soluble, and can be used for feeding, injection or painting. 2-Amino-l-naphthol hydrochloride is an unstable compound, which is easily oxidised, and is water-soluble. Moreover, from the results of metabolism and biological experiments in various species (Bonser, Clayson and Jull, 1951) it seemed probable that to act as a carcinogen it would require to be present at a certain level of concentration. This contention would be greatly strengthened should the cat prove to be a susceptible animal. It was for these reasons that the idea of introducing the compound incorporated in a solid vehicle into the lumen of the mouse bladder was explored (Jull, 1951) .
It was postulated that a high diffusion rate could be expected, that conditions inside the bladder would tend to be anaerobic, and that the exposure of the epithelium to the carcinogen would be almost continuous. In addition, intermediary metabolism by the liver would be eliminated. The results of Experiment 1 are regarded as sound evidence that 2-amino-1-naphthol hydrochloride is a local carcinogen, whereas 2-naphthylamine is not.
This statement is supported by the fact that bladders implanted with paraffin wax remained free from tumours, whereas in bladders implanted with the known carcinogens 20-methylcholanthrene (Jull, 1951) and 3:4:5:6-dibenzcarbazole tumours occurred well within the experimental period of the negative results ( Fig. 1 to 4) . The induction of tumours by the local action of the metabolite of 2-naphthylamine shows also that there is no factor inherent in the mouse bladder which precludes the development of tumours in this form of carcinogenesis.
Additional evidence for the carcinogenic activity of 2-amino- (Hueper, 1938) .
By contrast, no evidence has yet been brought forward to suggest that pure 2-naphthylamine is locally carcinogenic, though our own results of subcutaneous injection in oily solution into mice are not yet ready. The few sarcomas induced by Hackmann (1951) Hartwell, 1951) , in a large experiment, find tumours elsewhere than in the bladder in the rat. No tumours occurred in mice after painting a benzene solution on the skin (Table VI) . In general, aromatic amines are not locally carcinogenic, though there are notable exceptions, such as 2-anthramine (Bielschowsky, 1946) , and the amino-stilbenes (Haddow, Harris, Kon and Roe, 1948) .
Taking all the above evidence into consideration the case is very strong for accepting 2-amino-1-naphthol or its conjugates as the active carcinogen formed by the metabolism of 2-naphthylamine in man and the dog. It seems worthy of emphasis that such a conclusion would scarcely have been possible without the positive evidence obtained by the direct introduction of the test substances into the mouse bladder. This experiment indicates that it is the metabolite which is carcinogenic and not an impurity present in the 2-naphthylamine, as was suggested many years ago and has recently been re-emphasised by Case and Pearson (1952) . The 2-naphthylamine used for the implantations was from the same batch as that used for the feeding and painting experiments. The 2-amino-1-naphthol was synthesised in this laboratory by sodium dithionate reduction of 2-nitroso-1-naphthol, and it seems unlikely that either 2:2-dinaphthylamine or 3:4:5:6-dibenzcarbazole and pyrene, suggested as impurities in 2-naphthylamine by Case and Pearson (1952) , would be present in this substance. Moreover, when 2 per cent 20-methylcholanthrene in paraffin wax was implanted into the mouse bladder (Jull, 1951) no tumours were obtained in 4 mice surviving from 21 to 42 weeks. This concentration of carcinogen is very much greater than that suggested for the possible impurities of 2-naphthylamine.
There is no evidence to differentiate between the direct action of 2-amino-1-naphthyl sulphuric acid on the bladder epithelium or its further chemical transformation in the bladder. Such chemical transformation might take the form of hydrolysis to give 2-amino-1-naphthol or the formation of polycyclic or other molecules.
An important observation in both the industrial and experimental diseases is the location of the tumours in the bladder and not in the rest of the urinary tract. The rate of excretion of a dose of 2-naphthylamine administered orally to the dog was shown to reach a peak approximately 4 hours later, (unpublished observation). Thus it is probable that urine containing an effective level of the meta-bolite passes down the renal tubules, pelvis and ureter for a period of about 4 hours, whereas urine stored in the bladder before, during and after the peak may contain an effective level for a longer period. Some other mechanism may also be involved, as when 2-amino-fluorene was fed to rabbits, ureteric as well as vesical tumours were obtained (Bonser and Green, 1950 ).
2-Amino-l-naphthol is an ortho-hydroxyamine and the hypothesis is being examined that other carcinogenic aromatic amines are active by virtue of their conversion in the body to compounds of this type. In preliminary experiments, using an impure sample of 1-amino-2-naphthol hydrochloride, supplied by The British Drug Houses Ltd., evidence of carcinogenic activity has been obtained in 5 out of 6 mice by the bladder implantation method (unpublished observation). Walpole, Williams and Roberts (1952) are pursuing similar ideas in the 4-aminodiphenyl series.
The evidence which has been brought forward here to show that a metabolite of 2-naphthylamine is carcinogenic supports the case for a more vigorous pursuit of metabolites from other chemicals which may be taken into the human body. The types of substance which immediately come to mind are the aromatic amines and some of those chemicals which are so liberally used as food-colouring matters at the present time. Further, knowledge about the metabolic changes which take place in other groups of chemicals, while not having immediate practical application as far as industry is concerned, might enable an opinion to be expressed as to whether it would be safe to introduce new types of chemical into industrial or other processes before the damage is actually done.
SUMMARY.
Preliminary experiments had suggested that 2-amino-1-naphthol hyvdrochloride was a local carcinogen when introduced directly into the lumen of the mouse bladder (Bonser, Clayson and Jull, 1951) . Further experiments have shown that this method is practicable on a larger scale. Metaplasia, papilloma and carcinoma were induced when 2-amino-l-naphthol hydrochloride and 3:4:5:6-dibenzcarbazole were tested, but no tumours were obtained with 2-naphthylamine nor paraffin wax ( Fig. 1 to 4 ). Additional evidence of the carcinogenic properties of 2-amino-l-naphthol hydrochloride was obtained by the occurrence of a few sarcomas in mice and rats following subcutaneous injection in oil (Table VI) .
No local tumours occurred when 2-naphthylamine was administered orally to mice, rats and rabbits. Hepatomas occurred in mice, which suggested that the metabolite was acting locally on the liver cells. A few benign bladder tumours occurred in rats and rabbits at a late date in the experiments (Tables IV and V) . 
